Exosomes are small extracellular vesicles released by cells and play important roles in intercellular communication and pathogen transfer. Exosomes have been implicated in several neurodegenerative diseases, including prion disease and Alzheimer disease. Prion disease arises upon misfolding of the normal cellular prion protein, PrP C , into the disease-associated isoform, PrP Sc . The disease has a unique transmissible etiology, and exosomes represent a novel and efficient method for prion transmission. The precise mechanism by which prions are transmitted from cell to cell remains to be fully elucidated, although three hypotheses have been proposed: direct cell-cell contact, tunneling nanotubes, and exosomes. Given the reported presence of exosomes in biological fluids and in the lipid and nucleic acid contents of exosomes, these vesicles represent an ideal mechanism for encapsulating prions and potential cofactors to facilitate prion transmission. This study investigates the relationship between exosome release and intercellular prion dissemination. Stimulation of exosome release through treatment with an ionophore, monensin, revealed a corresponding increase in intercellular transfer of prion infectivity. Conversely, inhibition of exosome release using GW4869 to target the neutral sphingomyelinase pathway induced a decrease in intercellular prion transmission. Further examination of the effect of monensin on PrP conversion revealed that monensin also alters the conformational stability of PrP C , leading to increased generation of proteinase K-resistant prion protein. The findings presented here provide support for a positive relationship between exosome release and intercellular transfer of prion infectivity, highlighting an integral role for exosomes in facilitating the unique transmissible nature of prions.
Exosomes are small membrane-bound extracellular vesicles (80 -160 nm) released from cells and have been implicated in many diseases, including cancer, viral infection, and neurodegenerative diseases (1) (2) (3) . Exosomes can be isolated from bio-logical fluids such as blood and urine and hold diagnostic potential (4, 5) . Exosome biogenesis occurs within the endosomal system, with invagination of endosomal membranes to form intraluminal vesicles within multivesicular bodies (6) . The intraluminal vesicles are then either delivered to lysosomes for degradation or released from cells as exosomes upon fusion of the multivesicular body with the plasma membrane.
Exosomes play important roles in intercellular communication, including regulation of immune responses following bacterial invasion, presentation of antigens for activation of T cells, and, more recently, a novel mechanism of intercellular transfer of mRNA and microRNA, resulting in an additional level of regulation (6 -9) . Exosomes have also been implicated in the pathogenesis of several neurodegenerative diseases, including prion disease, Alzheimer and Parkinson diseases, and amyotrophic lateral sclerosis (10 -15) . Processed forms of the specific neurodegenerative disease-associated proteins have been identified in exosomes, leading to the suggestion that exosomes could facilitate their intercellular spread. An example is the role of exosomes in transmission of infectious prions arising from misfolding of the prion protein (10, 11, 16) .
Prion diseases are fatal neurodegenerative diseases affecting animals and humans, such as scrapie in sheep, bovine spongiform encephalopathy in cattle, and Creutzfeldt-Jakob disease in humans (17) . The disease is characterized by progressive spongiform vacuolation of the brain and neuronal loss and arises upon misfolding of the cellular prion protein (PrP C ) 4 into the disease-associated isoform, PrP Sc . Studies have shown that not only is PrP Sc released from cells in exosomes, but the exosomes are also capable of transmitting infection between homologous and heterologous cell types and to mice (10, 11) . This supports the hypothesis that exosomes could contribute significantly toward transmission of infection from the periphery to the central nervous system (11) .
The precise mechanism by which prions are transmitted between cells remains to be resolved. Although alternative mechanisms of intercellular transmission have also been proposed, such as direct cell-cell contact (18) and tunneling nanotubes (19) , the presence of exosomes in biological fluids suggest a prominent role for exosomes in transmission between different parts of the body. In addition, with the lipid and nucleic acid cargo, exosomes represent an ideal mechanism for encapsulating potential cofactors for PrP conversion to facilitate efficient intercellular transmission. Evidence has been gathered to suggest that cofactors are required for prion conversion either by assisting the conformational change or by exerting an effect on the cell to increase susceptibility to infection (20 -23) . In particular, lipids, such as phosphatidylethanolamine, and RNA have been identified as essential cofactors required for the efficient generation of infectivity de novo (21, 23) . Given the distinguishing transmissible nature of prion diseases and that exosomes have been implicated to play a role in intercellular prion transmission, we aimed to further investigate the relationship between exosome release and intercellular transmission of prions.
Experimental Procedures
Reagents and Antibodies-Unless specified otherwise, all reagents were from Sigma-Aldrich. Antibodies used and their working dilutions were as follows: ␣-PrP antibodies 03R19 (1:25,000, in-house) (24) and L3 (1:5000, in-house) (25) , ␣-tubulin (1:25,000), and ␣-mouse HRP (1:25,000) and ␣-rabbit HRP (1:25,000) from GE Healthcare (Sydney, NSW, Australia).
Maintenance and Infection of Cultured Cell Lines with Prions and Cell Blot Assay-MoRK13 and GT1-7 cells were cultured in Opti-MEM (Life Technologies) and infected with a mouseadapted strain of human prions (M1000) as described previously (25, 26) . At six passages after infection, stable infection of cells was assessed using a cell blot assay as described previously (25) .
Toxicity Assay-Toxicity assays were carried out using the Live/Dead viability/cytotoxicity kit (Life Technologies) according to the instructions of the manufacturer as described previously (25) .
Transwell Assay-Recipient A2 MoRK13 cells were seeded into 6-well tissue culture plates (Corning) at a density of 250,000 cells/well and allowed to attach overnight. Cells were washed once with warm PBS, and 1 ml of complete Opti-MEM was added to each well. Use of puromycin for standard culturing of MoRK13 cells was excluded during the transwell assay (26) . Using tweezers sterilized by soaking with 80% (v/v) ethanol, Costar 24-mm Transwell permeable support inserts with 0.4-m polyester membranes (Corning) were placed on top of each well. Prion-infected MoRK13 or GT1-7 donor cells were seeded into the inserts at a density of 200,000 cells/insert and made up to 1.5 ml final volume using complete Opti-MEM. For MON or GW4869 treatment, the compounds and vehicle-only controls were diluted appropriately in complete Opti-MEM and added to the culture medium in the inserts. The plates were incubated for 48 h at 37°C, 5% (v/v) CO 2 . Culture medium in the inserts were then aspirated, and the insert was removed using sterilized tweezers. The culture medium in the wells were aspirated and replaced with fresh Opti-MEM containing 2.5 g/ml puromycin. Cells were then passaged under standard conditions with an initial 1:3 split into a new 6-well tissue culture plate (Nunc/Thermo Scientific, Roskilde, Denmark), followed by a 1:5 split and then 1:10 splits for all subsequent passages. At passage 8 after infection, cells were seeded onto sterile plastic coverslips in 6-well tissue culture plates at a density of 450,000 cells/well and allowed to attach and recover for 48 h. Cells were then analyzed using the cell blot assay as described previously (25) .
Exosome Isolation and Acetylcholinesterase (AChE) Assay-For exosome collection, 175-cm 2 flasks (Nunc) were seeded with 7 ϫ 10 6 cells and allowed to recover for 24 h. For GW4869 and MON treatment, the culture medium were replaced with exosome-free medium containing appropriate concentrations of GW4869, MON, or vehicle-only controls and cultured for 2 days as described previously (25) . Exosomes were isolated from the culture supernatant using differential ultracentrifugation, and the freshly collected exosomes were used for the AChE activity assay as described previously (25) (26) (27) (28) (29) .
Protease Digestion, SDS-PAGE, and Immunoblotting-Cells were lysed as described previously (25) . Total protein concentrations were determined using the BCA protein assay (Pierce, Thermo Scientific) according to the protocol of the manufacturer. 100 g of protein was treated with proteinase K (PK, 25 g/ml) as described previously (25, 26) . 40 g of protein was incubated on ice for non-PK-treated samples. Proteins were precipitated using ice-cold methanol and prepared for SDS-PAGE, followed by immunoblotting, as described previously (25, 26) . On immunoblots, PrP C refers to the total levels of PrP detected in non-infected cells, and PrP Tot refers to the total level of PrP detected in a prion-infected cell. PrP Sc refers to the total level of PrP detected in a prion-infected cell after treatment with PK.
Protein Misfolding Cyclic Amplification (PMCA) Assay-The PMCA assay was performed as described previously with varying dilutions of MON and vehicle-only control included in the reaction (26) . Non-PMCA controls were stored at Ϫ80°C for the duration of the reaction to define baseline protease-resistant PrP Sc levels. PMCA and non-PMCA controls were analyzed by immunoblotting as described previously (26) .
Confocal Microscopy-Cells were prepared for confocal microscopy as described previously with modifications (30) . Cells were seeded into 8-well Slide chamber slides (iBidi GmbH, Martinsried, Germany) and allowed to attach overnight. Cells were fixed with 4% (w/v) paraformaldehyde and permeabilized with 0.5% (v/v) Triton X-100. Cells were blocked with 2% (w/v) bovine serum albumin in PBS and incubated with primary antibodies for 2 h followed by secondary antibodies for 2 h. The primary antibodies and dilutions were as follows: 03R19 (1:200), SAF32 (1:150), and ␣-GM130 (1:150) (BD Biosciences). The secondary antibodies and dilutions were as follows: DAPI (1:1000), Alexa Fluor 568-conjugated anti-rabbit (1:450), and Alexa Fluor 647-conjugated anti-mouse (1:450) (Life Technologies). Cells were imaged on a Leica DMIRE2 confocal microscope with SP2 control software. Images were stacked to ensure equal adjustments to all images.
Prion-infected Cell Assay (PICA)-The PICA was performed using a subclone of the MoRK13 cell line A2 to provide a quantitative analysis of infectivity as described previously (26) . Lysates from prion-infected GT1-7 cells that were treated with either vehicle or MON for 24 h and then cultured under standard conditions for three further passages were used to prepare serial titrations of inoculum for infecting the A2 cells (26) . A2 cells were co-incubated with the inoculum for 64 h and the inoculum were removed by aspiration, and then the cells were washed once with warm PBS and twice with complete Opti-MEM, refreshed with complete Opti-MEM containing 2.5 g/ml puromycin, and grown to confluency. Cells were passaged with a 1:3 split into a new plate, followed by a 1:5 split and then 1:10 splits for all subsequent passages. At passage 8 after inoculation, the A2 cells were analyzed using a PICA with the ␣-PrP L3 antibody to measure de novo synthesis of PrP Sc in the cells, as described previously (26) . The results were normalized to background signal from control A2 cells that were not inoculated and then plotted as a dose-response curve.
Image Processing and Statistical Analysis-Densitometric analysis was carried out using ImageJ (31) . Statistical analyses were performed using GraphPad Prism 6 (GraphPad, San Diego, CA). Data were analyzed as follows. Toxicity assay data are shown as mean Ϯ S.E. of four experiments, and statistical significance tests were performed with two-sample t tests. AChE and densitometric analyses data are shown as mean change Ϯ S.E. in comparison with three control experiments, and statistical significance tests were performed with one-sample t tests to compare each value against a standardized control of 100%. Advice was sought from the University of Melbourne Statistical Consulting Centre. Statistical significance was defined as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001.
Results
Exosomes Facilitate Intercellular Transmission of Prions across Transwells-To determine the relationship between exosome release and prion transmission, transwell assays were used in conjunction with two cell lines: a stably transfected rabbit kidney epithelial cell line overexpressing mouse PrP (MoRK13) and a mouse hypothalamic neuronal cell line expressing endogenous PrP (GT1-7) (11, 32, 33) . RK13 cells are permissive to infection with murine prions when expressing a murine PrP transgene. We have demonstrated previously that both MoRK13 and GT1-7 cells release exosomes containing prion infectivity and that these vesicles can transmit prion infectivity to the same and different cell lines in addition to inducing clinical prion disease in susceptible mice (11) . In the transwell assay, two populations of MoRK13 cells, a prion-infected (donor cells) and a non-infected population (recipient cells), were co-cultured but prevented from direct cell-cell contact by a semipermeable membrane ( Fig. 1A) . Exosomes are smaller than the pore size and, therefore, are able to diffuse across the membrane. Cell blot analysis of the recipient cells following the transwell assay showed that no PrP Sc was detected in recipient cells that had been co-cultured with non-infected donor cells, indicating that the recipient cells were not infected ( Fig. 1B) . In contrast, PrP Sc was detected in recipient cells that had been co-cultured with prion-infected donor cells, indicating that successful transfer of prions occurred across the transwell membrane in the absence of direct cell-cell contact, most likely mediated by exosomes.
Monensin-stimulated Exosome Release Correlates with Increased Intercellular Prion Transmission-To further investigate the relationship between exosomes and intercellular transmission of prions across the transwell membrane, the effect of increasing exosome release on prion transmission across transwells was examined. To achieve this, MoRK13 cells were treated with the ionophore monensin (MON), which has been shown previously to increase exosome release from K562 cells (34) . Quantification of exosomes using the AChE assay indicates that treatment with an increasing amount of MON induces a corresponding increase of AChE activity, and, therefore, MON stimulates exosome release from MoRK13 cells in a dose-dependent manner ( Fig. 2A ). When used in combination with the transwell assay, treatment of the prion-infected MoRK13 donor cells with increasing amounts of MON results in a corresponding increase in the amount of PrP Sc detected in the recipient cells ( Fig. 2B ). This indicates that there is a linear relationship between exosome release and intercellular transfer of prions across the transwell membrane, suggesting that exosomes facilitate prion transmission across the transwell.
This finding was further validated in the mouse hypothalamic neuronal GT1-7 cell line. Because of the increased sensitivity of GT1-7 cells to MON treatment, the ionophore was further diluted and tested for toxicity ( Fig. 3A ). Exosomes released from monensin-treated, prion-infected GT1-7 cells were analyzed by Western blotting to determine whether PrP Sc was present within the exosomes (Fig. 3B ). Indeed, PrP Sc was present in monensin-treated prion-infected GT1-7 cells and exosomes, indicating that the monensin-induced increase in intercellular transfer of prion infectivity is mediated by transfer of PrP Sc in exosomes. In agreement with the MoRK13 cells, treatment of GT1-7 cells with MON similarly stimulated exosome release from the neuronal cells ( Fig. 3C ). Having confirmed the effect of MON on exosome release in GT1-7 cells, the transwell assay was repeated using prion-infected GT1-7 cells as donor cells. A cell blot assay of the recipient cells revealed a similar result, with more PrP Sc detected in recipient cells that had been exposed to MON-treated donor cells, indicating that increasing exosome release from GT1-7 cells is also associated with a corresponding increase of intercellular prion transfer. This finding further supports a role for exosomes in prion transmission across the transwell and also validates the results obtained using prion-infected MoRK13 cells as donor cells. Moreover, this result demonstrates the ability of exosomes to facilitate prion transfer between two cell lines of distinct origins and species.
We have demonstrated previously that disruption of the neutral sphingomyelinase pathway in GT1-7 cells hinders exosome release (25) . To further validate these findings, GT1-7 cells were treated with GW4869, a neutral sphingomyelinase 2 inhibitor, and a decrease in exosome release was observed ( Fig.  3D) (35) . When used in combination with the transwell assay, recipient cells that had been exposed to donor cells in the presence of GW4869 showed a decrease in PrP Sc levels, indicating that decreasing exosome release is associated with a corresponding decrease in intercellular prion transmission. Together, these results illustrate a linear relationship between exosome release and intercellular prion transmission, further highlighting and implicating a role for exosomes in aiding prion dissemination.
Monensin Does Not Alter the Conversion of PrP in an in Vitro Conversion Assay-In addition to increasing prion transmission via increased exosome release, the effect of the ionophore on PrP conversion was investigated further. The direct effect of MON on PrP conversion was examined using the PMCA, which allows in vitro amplification and generation of de novo PrP Sc from a reservoir of PrP C (the substrate) in the presence of a minute amount of PrP Sc template (the seed) (36) . Varying concentrations of MON were included in the PMCA reactions to determine whether MON alters the propensity of PrP Sc to convert PrP C . Following the assay, both the samples that had been subjected to PMCA and those that had been stored at Ϫ80°C for the duration of the PMCA as a control were analyzed by immunoblotting for the presence of PrP Sc after PK digestion ( Fig. 4A ). As expected, no PrP Sc was detected in the Ϫ80°C control samples. In contrast, PrP Sc was detected in the PMCA samples, indicating successful conversion of the substrates by the seed during the assay. However, no changes were observed in the amount of PrP Sc generated, suggesting that MON does not affect the propensity of PrP Sc to convert PrP C in vitro.
Monensin Increases the Susceptibility of PrP C Conversion to PrP Sc in Prion-infected cells-An alternative way in which MON could affect PrP conversion is by altering the subcellular localization or trafficking of PrP C . MON has been used as a biochemical tool for inhibiting trans Golgi function, and because PrP C traverses the Golgi en route to the cell surface, the effect of MON on posttranslational glycosylation of PrP C was examined (37) .
PrP colocalization using immunofluorescent analyses of GT1-7 cells showed that MON treatment abolishes PrP C colocalization with GM130-positive compartments, indicating impaired trafficking of PrP C through the Golgi (Fig. 4B) . As a consequence, PrP C secretion to the plasma membrane could be blocked. To evaluate this possibility, non-permeabilized cells were stained to visualize cell surface PrP C (Fig. 4B ). Comparison of vehicle-and MON-treated cells revealed no differences, indicating that PrP C is able to bypass the blockage and reach the cell surface, a phenomenon that has been reported for other proteins (38 -40) . Taken together, these results show that MON modifies the intracellular trafficking of PrP C and blocks trafficking through the Golgi.
Glycosylation plays an important role in promoting correct folding of PrP C , and differences in glycosylation patterns contribute toward prion strain specificity (41) (42) (43) . Moreover, the glycosylation status of PrP C has also been found to influence transmission of prions from the periphery to the CNS (44). MON-induced aberrant glycosylation of PrP C has been described previously (45) and could therefore alter the susceptibility of PrP C to prion conversion. To determine whether this is the case, vehicle-and MON-treated prion-infected GT1-7 cells were analyzed by immunoblotting to compare the levels of PrP Tot and PrP Sc present. Two different time points were analyzed: immediately after a 24-h treatment and three passages after a 24-h treatment. Analysis of the cell lysates immediately after treatment showed no changes in the levels of PrP Tot or PrP Sc (Fig. 5, A and B) . However, analysis of the long-term effect of MON treatment revealed a significant increase in PrP Sc levels (Fig. 5, C and D) . A similar increase was also observed for PrP Tot , which can be attributed to the increase of PrP Sc . These findings therefore indicate that treatment of prion-infected cells with MON increases the susceptibility of PrP C to conversion, resulting in an increase of PrP Sc levels over time.
The finding that MON treatment increases PrP Sc levels suggests that MON could also enhance prion transmission by stimulating PrP conversion in addition to increasing exosome release. This possibility was investigated using the PICA to quantitate the relative levels of infectivity for vehicle-and MON-treated prion-infected GT1-7 cell lysates. Eight passages after inoculation, the recipient cells were analyzed using the PICA to measure de novo synthesis of PrP Sc , and the results were plotted as a dose-response curve. If the MON-treated lysates produce higher levels of prion infectivity than vehicletreated lysates, then the dose-response curve for MON is expected to shift to the left of the curve for vehicle, indicating higher levels of infectivity associated with lower amounts of inoculum. Conversely, if the MON-treated lysates produce lower levels of prion infectivity, then the curve for MON is expected to shift to the right of the curve for vehicle. As shown in Fig. 5E , no differences were detected between the curves, indicating that MON-treated lysates elicit the same infectious response as vehicle-treated lysates. Therefore, despite the increase of PrP Sc in response to MON treatment, the level of infectivity associated with the lysates remain unchanged, suggesting that the additional PrP Sc produced is PK-resistant but not associated with higher levels of infectivity. A, increasing concentrations of MON were tested for toxicity to GT1-7 cells, and no toxicity was observed at all concentrations tested. B, Western blotting analysis for the presence of PrP Tot and PrP Sc in control-and monensin-treated, prion-infected GT1-7 cell lysates and exosomes (Exo) released from prion-infected GT1-7 cells. The blot confirms that exosomes released from monensin-treated cells contain PrP Sc . C, AChE assay of isolated exosomes indicating that MON also stimulates exosome release from GT1-7 cells. Cell blot analysis of recipient cells reveals increased levels of PrP Sc and prion transmission following exposure to prion-infected GT1-7 donor cells in the presence of MON. D, AChE assay of isolated exosomes indicating that treatment with GW4869 decreases exosome release from GT1-7 cells. Cell blot analysis of recipient cells exposed to prion-infected GT1-7 cells in the presence of GW4869 reveals a corresponding decrease in PrP Sc and prion transmission. Data are presented as mean Ϯ S.E. (n ϭ 3). **, p Ͻ 0.01; ***, p Ͻ 0.001. DMSO, dimethyl sulfoxide.
Discussion
A unique feature of prion disease that distinguishes it from other neurodegenerative diseases is the transmissible nature of the disease. Exosomes have been proposed as a mechanism that assists with the intercellular transmission of prions (10, 11) . We aimed to directly address the relationship between exosomes and intercellular prion transmission. Using transwell assays, we showed that successful intercellular transmission of prions can occur across the transwell membrane, facilitated by exosomes. When the assays were used in conjunction with compounds that up-or down-regulate exosome release, a linear relationship was observed, with a corresponding increase and decrease in intercellular prion transmission, respectively. Furthermore, we showed that the ionophore MON not only facilitates prion transmission by increasing exosome release but that it also alters the conformational stability of PrP C by hindering posttranslational glycosylation, resulting in the conversion of PrP C into a PK-resistant but non-infectious isoform (PrP res ).
The finding that successful intercellular transmission of prions can be achieved across the transwell membrane suggests that exosomes are the likely candidate responsible for mediating prion transmission between the cells because both direct cell-cell contact and formation of tunneling nanotubes are prevented by the transwell membrane (18, 19) . In direct contrast to this, it was has been reported previously that intercellular prion transfer is inhibited in the presence of transwell membranes (19) . In this study, the same experimental setup was utilized for the transwell assay, with bone marrow-derived dendritic cells (BMDCs) as donor cells and MoRK13 cells as recipient cells. It was shown that co-culturing of the cells in the presence of a transwell membrane failed to result in transmission of prions to MoRK13 cells, whereas co-culturing in the absence of the transwell resulted in successful transmission. Although the same MoRK13 cell line was used, there is a crucial difference between the donor cell lines that were used, which could explain the marked differences observed for prion transmission. Although the prion-infected MoRK13 donor cells produced endogenous PrP Sc , the prion-infected donor BMDCs contained exogenous PrP Sc , which were loaded into the BMDCs by incubation with infected mouse brain homogenate. It can be speculated that the intracellular trafficking of endogenous and exogenous PrP Sc could differ and that the exogenous PrP Sc might not undergo packaging into exosomes in BMDCs. Consequently, prion transmission from the loaded BMDCs would therefore only be possible via direct cell-cell contact or tunneling nanotubes but not via exosomes. The discrepancy observed for prion transmission across the transwell membrane could therefore be attributed to the difference in the origin of PrP Sc in the infected donor cells. Nevertheless, it is important to keep in mind that more than one mechanism of prion transmission is likely to exist in vivo. Depending on the cell type, tissue, or stage of infection, different mechanisms of prion transmission, or combinations thereof, could occur. As a result, all three proposed mechanisms of transmission require further investigation in vivo to evaluate the relative contributions of each pathway toward disease pathogenesis.
Further support for exosome-mediated dissemination of prions across the transwell membrane was obtained from the use of two chemical compounds, GW4869 and monensin, to decrease and increase exosome release, respectively. Using these compounds, a linear relationship between exosome release and intercellular prion transmission was revealed: decreasing exosome release decreases prion transmission, and increasing exosome release increases prion transmission. Although it cannot be ruled out that small aggregates of PrP Sc could also diffuse across the transwell membrane and, thereby, contribute toward prion transmission, taken together, the results obtained using GW4869 and monensin suggest a prominent role for exosomes in mediating the transmission of prions. In support of this, a similar finding has been reported in a study in which the transwell assay was used to demonstrate exosome-mediated uptake of extracellular A␤ by microglia (46) . The transwell assay was used to examine the relationship between exosome release and uptake of A␤ by microglia using N2a cells as exosome-producing donor cells and murine microglial BV-2 cells as recipient cells. Exosome release from N2a cells was also modulated by targeting the nSMase pathway. The cells were either treated with siRNA against nSMase2 to decrease exosome release or with siRNA against sphingomyelin synthase 2 to increase exosome release. Through the transwell assay, a linear relationship was also revealed between exosome release and uptake of A␤ by microglia (46) . The ability of exosomes to successfully mediate the transfer of prions between two cell lines of distinct origins, one mouse and one rabbit, reveals a potential role for exosomes in interspecies dissemination of prions. Although both GT1-7 and MoRK13 cells express mouse PrP, the results obtained from the transwell assays indicate that exosomes of murine origin can interact with or be taken up by a cell of rabbit origin and facilitate prion transmission. Exosomes, therefore, not only represent vesicles that can facilitate the spread of prions between different cell types but can also assist spreading between cells from different species. Obtaining a better understanding of exosome biogenesis, release, and mode of interaction with recipient cells could therefore provide much needed insights into prion disease pathogenesis.
In addition to increasing prion transfer by stimulating exosome release, monensin was also found to enhance transmission by hindering trafficking of PrP C through the Golgi, result-ing in aberrant glycosylation of PrP C , which consequently led to an increase of PrP Sc over time. Glycosylation plays an important role in promoting the correct folding of PrP C , and glycosylation patterns have been found to contribute toward prion strain specificity (41, 42) . It has also been shown that aberrantly glycosylated PrP C displays an intrinsic tendency to adopt PrP Sclike properties such as decreased solubility in detergents, increased resistance to release from the cell surface by phosphatidylinositol-specific phospholipase C treatment, and increased hydrophobicity (47) . Similar properties were also observed for wild-type PrP C in cells that had been treated with tunicamycin to inhibit glycosylation (47) . It was therefore concluded that glycosylation plays an important role in suppressing the intrinsic tendency of PrP C to adopt PrP Sc -like properties. Indeed, a familial form of prion disease has been attributed to a mutation at codon 183 that abolishes glycosylation at codon 181 (48) . Taken together, these findings suggest that aberrant glycosylation of PrP C can have profound effects on the stability and susceptibility of PrP C to conversion.
The increase of PrP Sc in prion-infected cells following treatment with monensin suggests that the ionophore could increase the level of infectivity associated with monensintreated cells. However, contrary to this, monensin-treated cell lysates were not found to display higher levels of infectivity than control cell lysates. Monensin therefore stimulated the production of PrP res , which was not infectious. Indeed, there is a growing body of evidence in the literature suggesting that the level of PrP Sc present does not always correlate with infectivity or disease (49 -51) . Because of conformational heterogeneity arising from posttranslational modifications, multiple isoforms of PrP C and, therefore, PrP Sc could exist, and the different isoforms could display different biochemical properties and affect prion infectivity and disease differently. One example of such a case is the HYPER (HY) and DROWSY (DY) strains of transmissible mink encephalopathy in Syrian golden hamsters (52) . Although both the HY and DY strains originated from the same transmissible mink encephalopathy strain, serial passage in the hamsters led to isolation of two biologically distinct strains. The HY and DY strains exhibited differences in sedimentation property in Sarkosyl, sensitivity to PK digestion, and electrophoretic mobility on polyacrylamide gels. Although the HY strain displayed properties distinct from that of PrP C , the DY strain has been found to share similarities in properties with both PrP C and the HY strain. Most prominently, the DY strain displayed higher sensitivity to PK digestion than the HY strain, indicating that PrP Sc levels did not correlate with infectivity. This has also been shown to be the case in another study in which brain tissue from mice with prion disease has been found to display high levels of infectivity despite showing only low levels of PrP Sc (49) . Similar findings of low PrP Sc levels in infected animals have also been reported by other studies (50, 51) . Together, these findings highlight the limitation associated with the use of PrP Sc as a sole indicator of infectivity and emphasize the need to include additional analyses, such as PICA, to specifically and definitively assay for prion infectivity.
Given the effect of monensin on exosome release and prion conversion presented in this study, comprehensive in vivo analyses testing the effect of monensin on prion disease pathogenesis are required, especially in light of the commercial application of monensin as a dietary supplement for ruminant livestock. Although the PrP res produced was not tested to be infectious using the PICA, it cannot be excluded that this result could be different in vivo as many additional variables will be introduced, such as the route of administration of monensin, length of exposure, and mechanism of challenge with prions. Furthermore, cell culture models lack the ability to provide a measure of the neurotoxicity of the PrP res produced, and it could be possible for PrP res to be non-infectious but highly toxic. In contrast, if monensin treatment indeed promotes the formation of non-infectious and non-toxic PrP res , then treatment with the ionophore could provide a method for potential disruption of disease transmission and pathogenesis because PrP res would act as a "sink" to trap PrP C and prevent the formation of PrP Sc . Further in vivo characterization is therefore imperative for a definitive understanding of the effect of monensin on PrP conversion and disease pathogenesis.
Together, the data presented in this study provide support for and highlight exosomes as extracellular vesicles that facilitate intercellular prion transmission. Much additional work is required to fully characterize how this pathway contributes to prion dissemination, how the exosomes interact with recipient cells, and how this pathway could be blocked to impair disease progression. Evaluating the effects of modulating exosome release and uptake on prion transmission would not only help to increase our understanding of prion disease pathogenesis but could also have implications on other neurodegenerative diseases. Furthermore, understanding and identifying mechanisms for manipulating exosome release/uptake will also prove to be invaluable for the development and application of exosomes as vesicles for targeted delivery of therapeutic compounds.
